Introduction
Fistulae are a frequent and serious complication of patients with Crohn's disease (CD). The cumulative incidence in population based studies ranges from 17 up to 50 % [1] [2] [3] [4] . The clinical management of CD-fistulae remains a major therapeutic challenge.
Medical treatment is mainly based on antibiotics and immunosuppressants such as azathioprine, cyclosporine A, tacrolimus or infliximab 3, [5] [6] [7] [8] . However, an initially successful closure of fistulae can only be maintained in about 30 to 40 % of patients after 12 months. Despite the clinical importance of the problem the pathogenesis of fistulae-formation is poorly understood and investigations focussed on the etiology of fistulae are sparse. A better knowledge of the pathophysiology of fistulae-formation would be crucial for the development of new and more effective therapeutic options.
It is generally assumed that tissue destruction is the first step in the pathogenesis of fistula formation. To gain further insights into fistula formation we histomorphologically characterized fistulae resected from CD patients and patients without the diagnosis of inflammatory bowel disease (IBD) 9 . Ninety-seven fistulae of an unselected patient cohort of 78 patients were investigated. Eighty-four fistula specimens were derived from 67 CD patients. The results were compared to 13 fistulae of 11 patients without IBD. Histologically all fistulae showed a central fissure penetrating through the lamina propria and the muscularis mucosae into the deeper layers of the underlying tissue. All fistulae were surrounded by a granulation tissue with histiocytes and a tight network of capillaries. In patients with CD, the interior wall of the studied fistulae usually was infiltrated by CD45RO positive T cells, followed by a small band of CD68 positive macrophages. At the outer fistulae wall, there was a dense infiltrate of CD20 positive B cells. a basement membrane. Interestingly the "non-epithelialised" CD-fistulae -present in more than 2/3 of all cases -were covered by a thin layer of myofibroblast-like "transitional cells" (TC) with gap junctions. These cells also formed a basement membrane-like structure. In a subgroup of specimens a region could be identified in which the mucosal epithelial cells seemed to continuously transform into the TC-layer 9 .
Under physiologic conditions fibroblasts are recruited to the sites of tissue injury 10, 11 . However, we recently showed that the migratory potential of CD mucosal fibroblasts is reduced compared to controls [12] [13] [14] . An even stronger reduction of migratory ability was found in fibroblasts derived from CD fistula tissue (unpublished data) indicating a disturbance in wound healing. Epithelial cell migration is an another hallmark of the attempt of the intestinal mucosa to rapidly close defects of the intestinal barrier [15] [16] [17] [18] [19] [20] [21] . It is induced by a number of different growth factors 20 .
However, epithelial cells migrate slowly. If a superficial tissue defect of the mucosa cannot be closed by intestinal fibroblasts epithelial cells might migrate towards the defect.
Recent evidence suggests that epithelial cells do not represent a final and irreversible state of differentiation. Conversion of an epithelial cell to a mesenchymal cell has been shown to be critical during embryogenesis and is a structural feature of organ development. Current interest in this process -called epithelial-to-mesenchymal transition (EMT) -has increased due to its involvement in adult pathologies 22, 23 . It has been proposed that epithelial tumours undergo EMT, facilitating their invasion.
. During this transition, the epithelial cells -characterized by strong cell-cell junctions and polarity -are replaced by a mesenchymal phenotype, with reduced cell-cell adhesions, a fibroblast morphology and function 22, 23, 28 . There are several molecular markers for the detection of EMT in vivo 22, 23 . These include decreased E-cadherin and β-catenin expression, and increased expression of β6 integrin 29, 30 . During EMT β-catenin translocates to the nucleus. TGF-β has been shown to be an inducer of EMT.
We hypothesized that EMT could be important in the pathophysiology of fistula development in CD. Adhesions between mesenchymal cells are less tight than between epithelial cells facilitating an increased migratory capacity. Epithelial cells undergoing EMT have an increased migratory potential independently of cell-cell contacts 22 . To test our hypothesis we used fistula specimens of patients with CD for immunohistochemical staining of EMT markers. In addition we established primary fibroblast cultures from CD patients with and without fistulae. Here we present first time evidence for EMT in intestinal wound healing and the pathogenesis of fistulae in CD.
Patients
18 entero-cutaneous fistula specimens from 15 patients were examined
retrospectively. In addition we studied 2 perianal fistulae from patients without CD. The diagnosis of CD was based on established clinical, endoscopic, histological and radiological parameters 31, 32 . Details on fistula distribution, patient age at presentation and patient gender are shown in table 1.
The degree of inflammation was graded microscopically by determination of the inflammatory infiltrate of neutrophils, eosinophils and lymphocytes: 0 = no inflammation, 1 = low degree of inflammation, 2 = severe inflammation.
This study was approved by the Ethics Committee of the University of Regensburg and performed according to the declaration of Helsinki.
Specimen preparation
Tissue specimens were fixed in 4% buffered formalin for at least 24 h and embedded in paraffin. Sections of approximate 2 -3 µm thickness were cut from tissue blocks and stained with H&E (haematoxylin and eosin) according to standard protocols.
Immunohistochemistry
Immunohistochemical studies for the expression of cytokeratins 8 and 20, β6-integrin, TGF-β, E-cadherin, β-catenin and vimentin were performed on 17 fistulae of 
Results
We evaluated differences in the expression of specific antigens between the cells of origin (intestinal columnar epithelium or squamous cell epithelium) and the TC by immunohistochemistry. 14 perianal fistulae with intestinal epithelium, two enteroenteric, one entero-vesical fistulae, four perianal fistulae with squamous cell epithelium from CD patients and two perianal fistulae from non-IBD patients were investigated. The expression of the respective antigen staining intensity was semiquantitatively rated as "absent" (0), "weak" (1) or "strong" (2) . A median was calculated and used for the comparison of the two fistula areas.
E-Cadherin
During the process of EMT a loss or reduction of E-cadherin expression is well known to occur [33] [34] [35] [36] [37] . E-cadherin is involved in homophilic interactions between epithelial cells and is necessary for the formation of zonulae adherentes. In the normal intestinal epithelial cells E-cadherin staining was found at the lateral cell membrane at the cell-cell contact sites. In the fistulae lining cells a decrease in the intensity of staining was found (Figure 1) . In 64.3% of the specimens additionally a redistribution of the membranous E-cadherin was found giving the staining at the cell wall a scattered appearance. Comparable observations were made in fistulae containing a squamous cell layer. A decrease in the median from weak staining to virtually absent staining was noted. With higher magnification it became evident that the pattern of E-cadherin expression in the fistula lining cells was dependent on the distance of the cells from the origin of the fistula in the gut lumen. In Figure 2E this change in localization of E-cadherin can be seen in a typical "transition zone".
β-Catenin
The process of EMT is characterized by a re-distribution of β-catenin [38] [39] [40] [41] [42] . Initially during EMT β-catenin expression is increased, however, the protein is no longer membrane associated but localized in the cytoplasm or even in the nucleus. In the later stages of EMT the synthesis of β-catenin is reduced. As expected we found a strong staining of the lateral cell membrane of the columnar normal mucosal 
Vimentin
Vimentin is an intermediate filament and one major component of the cytoskeleton.
It is abundantly expressed in fibroblasts and endothelial cells 44 . We used this typical mesenchymal marker to evaluate its expression in the flat TC covering the deeper areas of fistulae. In our staining all epithelia -columnar and squamous epithelia as well as TC -were negative for vimentin (data not shown).
Integrin β6
The β6 integrin-chain is restricted to epithelial cells and expressed during embryonic development and organogenesis. Re-induction of αvβ6 indicates an important role of this receptor during intestinal EMT. Six fistulae were stained with a specific antibody for β6 integrin. A clear difference in the intensity of staining between normal epithelial and fistulae covering cells could be noted. As expected virtually no protein expression of β6 integrin could be found in normal intestinal epithelial cells.
Especially in the "transitional zones", where a stepwise flattening of the epithelial cells occurs, a strong staining pattern ( Figure 5 ) was detected.
TGFβ1 and TGFβ2
TGF is known to play a major role in the induction of EMT and its induction is linked to β6 integrin-expression 30, [45] [46] [47] [48] [49] [50] [51] [52] [53] . Immunohistochemistry for TGFβ1 showed a weak staining in the fistula lining cells whereas normal mucosal intestinal epithelial cells were negative for TGFβ1. This indicates an induction of TGFβ1 expression in the fistula tract. A clear difference of the medians of expression was found. In specimens containing squamous cells a comparable observation was made (data not shown).
Expression of TGFβ2 was weak in normal intestinal epithelial cells. The expression in the TC was stronger (Figure 6 ). Similar observations were made in the four specimens containing squamous cells.
Entero-enteric fistulae
To investigate whether the described features of EMT are generally found in "mesenchymal cell" covered CD fistula of specific for perianal fistula we investigated two enter-enteric fistulae obtained by surgical resection. The first patient suffered from ileo-sigmoidal and ileo-vesical fistulae and the second patient from ileo-ileal fistula formation. The Immunohistochemical results in these two fistula patients were identical to entero-cutaneous fistulae described above (Figure 7) . Cytokeratin 8 and cytokeratin 20 were found to be expressed in all fistula lining cells independent of whether they had epithelial or mesenchymal morphology (Figure 7 B) . E-Cadherin expression clearly was associated to cell membranes and cell-cell contacts in the beginning of the entero-enteric fistulae tracts. However in the transition zone Ecadherin expression clearly was reduced or almost absent ( Figure 7C, D 
and E).
Whereas β-catenin expression was located at cell borders and cell membranes at the luminal end of the fistulae (Figure 7 F and G) in the transition zone β-catenin was localized in the cytoplasm or in the nucleus ( Figure 7H ) as described to be typical for EMT. These data are indicative for a role of EMT in the formation of enteroenteric and entero-vesical fistulae.
Non-CD fistulae.
Two specimens from patients without CD were investigated by immunohistochemistry with the same antibodies as used above (with the exception of β6 integrin). Very similar to the findings indicated above we found evidence for EMT in these specimens (data not shown).
Discussion
In the present manuscript we show clear first time evidence for EMT in the epithelial transitional zone close to the luminal origin of perianal, entero-cutaneous, enteroenteric as well as entero-vesical fistulae tracts in CD patients. We provide data that the flat TC, that used to be morphologically classified as fibroblasts retain epithelial markers such as CK 8 and CK 20, are vimentin negative, show a redistribution of Ecadherin and β-catenin as described earlier to be typical for EMT and illustrate a reinduction of markers of early morphogenesis such as β6-integrin. TGF-β is highly expressed in the transitional zone between normal intestinal epithelium and fistula lining "mesenchymal cells" indicating a potential role during fistula-EMT. We therefore hypothesize, that CD fistula form via the TGF driven initiation of EMT which so far has only been described in cancer metastasis and tissue fibrosis.
What may be the reason for epithelial cells to undergo EMT during fistula formation?
Normally regularly spaced cell-cell junctions and adhesions between neighbouring epithelial cells hold them together in a tight formation preventing the movement of individual cells away from the epithelial monolayer. In contrast, mesenchymal cells lack tight intercellular adhesions making them much more mobile followed by an increased migratory capacity. Whereas epithelial cells usually move as a sheet en block, mesenchymal migration is much more dynamic. Cells move individually and can leave part of the trailing region behind 54 .
Turning an epithelial cell into a mesenchymal cell requires alterations in morphology, cellular architecture, downregulation of cell-cell adhesion systems, and migratory capacity. Commonly used molecular markers for EMT include β6-integrin, vimentin and cytokeratin expression, cadherins and nuclear localization of β-catenin.
A defining feature of EMT is a reduction in E-cadherin levels (E for epithelial cadherin). Cadherins are transmembrane proteins whose homotypic interaction between neighbouring cells creates adherens junctions 26, 55 . TGF-β has been shown to be a key inducer and an important regulator of EMT. The TGF-β effect on EMT activation depends on β-integrin transduction 23 . The effect of TGFβ typically is either mediated via a Smad3-dependent regulation of transcription or a Smad3-independent, p38MAP-kinase-activation and GTPase-mediated signalling 45, 50, 53, 59, 60 . The induction of β6 integrin expression is likely to be involved in the induction of autocrine TGF secretion 30, 49 . In concordance with this TGF was stronger expressed in the TC versus squamous cells or mucosal epithelial cells.
Usually an induction of vimentin expression has been associated with EMT. Thus, the characteristics of the TCs fit most but not all criteria for EMT. However, there is no clear consensus in the literature defining the use of the term EMT. Therefore, we suggest that our lesser stringent definition of EMT is appropriate.
The specific pathogenesis of fistulae in CD is not known. There is a body of data catenin expression also could be located to cell borders and cell membranes at the beginning of the fistula (F and higher magnification in G) in the transition zone β-catenin was localized in the cytoplasm or even in the nucleus (H) as described to be typical for EMT. Table 1 Characteristics of the fistulae investigated in this study. 
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